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I. INTRODUCTION
Melanin is an important class of natural pigments due to its biological role in photoprotection and technological applications as ultraviolet light filters. 1-3 Natural melanin, present in plants and animals, is generally considered to be an amorphous heterogeneous biopolymer. Its electronic structure was investigated by many authors. [4] [5] [6] [7] They have found that melanin particles behave as an amorphous semiconductor. Melanin is present in many different places in the human body, such as skin, hair, eyes, inner ear, and brain, and has been attributed to several different functions as, for example, photoprotection, photosensitization, metal ion chelation, antibiotic, thermoregulation, and free radical quenching. 2, 3 Inherent difficulties in the extraction of melanin among other reasons have inspired in vitro synthesis of melanin. The aim is to obtain "pure" melanin. 1,2 Synthetic melanin has been traditionally obtained by two procedures: one involving an enzymatic reaction and the other autoxidation. 8 Both methods involve most commonly the oxidation of L-tyrosine or L-3-(3,4-dihydroxyphenyl)-alanine (L-dopa), though other starting materials have also been used. From the point of view of an organic synthesis, both methods are problematic since melanin is insoluble in water, which means that the synthesis is uncontrollably interrupted. Thus, the material obtained by these methods is highly inhomogeneous. 2 A simple way to improve the synthesis, in order to obtain a more controlled synthesis process and a more homogenous material is to use a good solvent for both the starting material as well as for the melanin. For this reason among others we have started to synthesize melanin in organic solvents such as dimethyl sulfoxide DMSO. 9 However, structural and electrical properties of such kind of synthetic melanin are still to be fully compared to the H 2 O based melanin.
With this goal in mind, we present here spatially resolved electrical and structural characterization of melanin thin films synthesized in DMSO and deposited on Si substrates. Atomic force microscopy (AFM), conductive atomic force microscopy (C-AFM), and electrostatic force gradient microscopy (EFM) were the techniques chosen in order to have a high-resolution three-dimensional view of the structural organization of the samples, as well as spatially resolved electrical information about the density and distribution of charge in the melanin samples.
II. EXPERIMENT
The samples used in this work were melanin films synthesized in DMSO. For the synthesis, typically 3 g of L-dopa (Sigma-Aldrich) were mixed with 3.7 g of benzoyl peroxide in 400 ml of dimethyl sulfoxide (Sigma-Aldrich). The solution was sealed to avoid air humidity and kept under agitation for 21 days at room temperature. The solution was then a) Electronic mail: mnsilva@ifi.unicamp.br heated at 140°C to evaporate the solvent. The concentrated solution of melanin in DMSO was then mixed with acetonitrile (Sigma-Aldrich). This melanin precipitates in acetonitrile, thus a sequence of centrifugation followed by extraction of the precipitate provided a purified powder of synthetic melanin. Thin films were made evaporating (casting) a solution of melanin powder in a mixture of DMSO and acetone on a crystalline silicon substrate. The silicon substrate was cleaned with acetone, methanol, and de-ionized water before film deposition. Some samples have been hydrated by exposing the films to water vapor during 24 h in a chamber with 80% of relative humidity.
Tapping mode AFM (TM-AFM), EFM, and nanoindentation experiments were carried out using a digital instrument multimode scanning probe microscope, with a nanoscope III controller and an extender electronic box. An autoprobe CP from thermomicroscopes was used for the contact mode AFM (CM-AFM) and C-AFM measurements. All experiments were carried out in air. Tapping mode ultrasharp Si tips (curvature radius lower than 10 nm) were used for TM-AFM and EFM Noncontact mode Si tips coated with 10 nm of Cr and 30 nm of Au were used in CM-AFM and C-AFM experiments. The radius of curvature of these conductive tips was estimated as Ϸ40 nm.
EFM experiments were carried out using the lift mode technique. 10 In this technique, the Si tip is scanned twice across the surface of the sample for each scanline. In the first time (or pass), the tip is scanned using conventional tapping mode to acquire the topography of the sample. In the second pass, the tip is raised to a predefined height (lift height) and scanned across the sample keeping constant the tip-sample separation. During the second pass, only long-range interactions are sensed by the AFM tip in the form of frequency shifts induced by local gradients of electrostatic forces between the oscillating tip and the surface of the sample. 11, 12 C-AFM experiments were carried out using a homemade current detection scheme. In this technique, an electrically conductive tip was scanned over the sample in contact mode while a feedback loop kept the deflection of the cantilever constant and the local topography of the sample was acquired. While scanning, a dc bias was applied between tip and sample. A low-noise linear current amplifier sensed the resulting current passing through the sample. Thus a current image was obtained simultaneously with the topography image. The current image can be used to obtain information about the local conductivity of the sample.
Nanoindentation experiments were also carried out in order to estimate the thickness of the melanin film. Since melanin films are very soft, in contact mode we have used typically a force constant of 0.15 N / m in the Si tips.
III. RESULTS AND DISCUSSION
As already mentioned, the melanin analyzed here has been synthesized using DMSO. Since this is not conventional we would like to refer to our previous work involving characterization and comparison of DMSO-melanin with melanin synthesized in water. 9 In what concerns electron spin resonance (ESR), Fourier transform infra red spectros-copy (FTIR), as well as UV-VIS transmission spectroscopy, the material obtained is basically indistinguishable from "traditional" synthetic melanin. However, as seen in Fig. 1 , in the case of FTIR as excepted the absorption bands of water are strongly suppressed. Water related bands are expected to be at 3440 cm −1 (OH-H bonded stretching vibrations); 1600 cm −1 (OH bending), and 600 cm −1 (librations). 13 Note also that in DMSO-melanin two "new" peaks are observed around 2930 cm −1 and 2860 cm −1 , which are attributed to aliphatic C-H stretching. 13 This may indicate that part of the carboxy and hydroxyl groups as well as the indole and pyrrole NH groups have been esterified, which would in part explain. the increased thermal stability as will be described next. This water free melanin may in fact be interesting for a more detailed IR spectroscopy study since as observed, in the bands near 600 cm −1 there is an improvement in the resolution of different peaks. An important characteristic of DMSO melanin is that its adherence to the substrate is strongly improved, which made possible the deposition of thin films. Another interesting characteristic of DMSO melanin is that it is more stable under thermal degradation with respect to "traditional" melanin. DMSO melanin continuously loose mass from thermogravimetric analysis (TGA) but 46% of the initial mass is still observed even at temperatures of 1000°C while, in traditional melanin, a strong mass loss is observed at 500°C. When 1000°C is achieved only 1% of the initial mass is present in the case of melanin synthesized in water. These results are in agreement with previous reports, where the resistance of melanin to thermal degradation was shown to be strongly dependent on origin, both for natural and synthetic samples. 14 Both melanins synthesized in DMSO and water were analyzed using powder x-ray diffraction. In both cases a broad peak assigned to stacking of melanin protomolecules is observed. However, in the case of DMSO the stacking distance increases, from 0.34 to 0.38 nm, and there is a decrease in the diffraction peak width, as well as a clear decrease in diffraction at higher angles. Simulations of this data have not been made yet and they are required to understand this result in detail. However, it indicates a decrease in heterogeneity. TM-AFM images were collected at various magnifications in order to evaluate the structural organization of the melanin thin films. Figure 2 shows a TM-AFM image of the synthetic melanin film, for hydrated (a) and nonhydrated (b) samples. Four distinct features formed on the melanin film as seen in Fig. 2(a) : (i) large flat terraces with RMS (roughness mean square) roughness ϳ0.27 nm; (ii) spherical particles, that are on the surface of the sample, with height between 30 to 40 nm; (iii) round depressions were formed by end-type defect state 4 with a total depth of 25 to 30 nm, with respect to the flat terraces; and (iv) small donutlike structures 2 to 3 nm deeper than the round depressions. These latter structures are frequently found not only inside the round depressions, but also on the flat terraces of the film. Large agglomerates are commonly found inside the round depressions. The deepest round depressions found in the sample are Ϸ100 nm deep with respect to the flat terraces, which correspond to the mean thickness of the melanin film as found by nanoindentation experiments. In addition to the three-dimensional structures observed, it is important to note that most of the material in the film forms large flat terraces and shows good adhesion to the Si substrate. The round depressions and agglomerates were not observed in melanin samples prepared in the absence of water, as shown in Fig. 2(b) . These morphological differences are indications that the structural organization is different in the case of hydrated and nonhydrated melanin samples. The holes observed in Fig. 2(b) are most likely related to the method (casting) used to form the melanin film on the silicon substrate. It was observed that the roughness RMS of the silicon substrate was ϳ0.1 nm.
TM-AFM images of round depressions are shown in Fig.  3(a) . The agglomerate region is shown in the smaller scan in Fig. 3(b) , for Fig. 3 (c) the small scan was performed far from the depression and agglomerates regions, and similar to the flat terraces of the nonhydrated samples. These terraces are not completely flat as observed. These height variations across the terraces are correlated to the spacing between planes in the stack. The AFM limitations due to tip convolution prevent us from comparing the lateral dimensions with previously published scanning tunnel microscope (STM) results. However, this limitation does not apply for vertical resolution. Indeed the RMS roughness ͑ϳ0. on scanning electron microscopy images of natural melanin. However, Nofsinger et al. also reported structures similar to those observed by us in traditional synthetic melanin samples. 17 The correlation of AFM topographies with the preparation of our samples suggests that exposure of the melanin surface to H 2 O aggregates materials from the film into a more three-dimensional-like structure, at particular regions on the surface, most likely related to the defects or irregularities present in the surface prior to hydration. Structural studies of both natural and synthetic melanins show that these materials have a protomolecule or subunit that is formed by quasiplanar structures stacked in two to three sheets, 2,5 similarly to graphite. The distance between the sheets is found to be 0.34 nm, while the lateral extent differs from 2 nm in synthetic to 15 nm in natural (Sepia officinalis) melanins. These protomolecules or subunits tend to aggregate depending most strongly on pH, 15 forming thus roundshaped particles. The reasons for such tendency to form very small subunits, as well as aggregates, are not well understood. However, one possibility comes from the fact that melanin is known to be insoluble in water. The starting material is soluble, but as soon as those subunits are formed and start to grow, it becomes insoluble and precipitates leaving very small structures. We believe that these small particles are the protomolecules. The synthesis in the organic solvent correspond to high alkaline solution, high pH, in this way there are no protons in the solution. Thus in DMSO melanin has practically no tendency to aggregate. When protons provided by H 2 O are available to the protomolecules they start to aggregate [ Fig. 3(b) ]. The adhesion to the Si substrate observed for DMSO-melanin films may follow from this reasoning. If the protomolecules are completely dispersed, their interaction with the Si surface is stronger with respect to an aggregate. The small molecule will have a higher surface to volume ratio.
The presence of electrical charges on the surface of melanin films can be expected mainly due to the presence of defects, mainly localized in the end of the biopolymer, endtype defect state. ESR experiments have shown that the spin density-associated to the "free-radical" signal found in melanin-in synthetic conventional-melanin samples increases by a factor of 3.5 after heat treatment. 16 Other studies have shown that both photoinduced ESR (Ref. 18 ) and photoconductivity 19 increase as the degree of hydration of the melanin sample is reduced. These results indicate that electrically charged centers in the sample are neutralized when the sample is hydrated, possible due to bonding of the polymer defects with OH or H.
In order to further investigate these issues, we have used both EFM and C-AFM techniques. Figures 4(a) and 4(b) show an FEM image of a region of the sample with agglomerates, and its corresponding TM-AFM image. A decrease of the EFM signal was observed in the agglomerate regions, especially in those areas with round particles. The decrease of the EFM signal indicates a decrease of the electrostatic interaction between the sample and the AFM tip.
To analyze the EFM data, we have developed a simple quantitative model to obtain a charge map of the sample. A local parallel plate capacitor 11, 12 interaction between the sample and the AFM tip was used to calculate the fixed electric charges at the surface of the hydrated melanin film 20 from the frequency shift data measured by EFM. Using this model, a mean charge density of 3.1ϫ 10 −4 e − /nm 2 was found in the sample. However, the charge density of 4.1 ϫ 10 −4 e − /nm 2 found on the flat terraces is three times larger than that found in the agglomerate regions. Our model provides an effective radius of the capacitor plates of 8 nm, in very good agreement with the nominal radius of the AFM tip (between 5 and 10 nm). The AFM cantilever spring constant was found to be of 47 N / m, also in good agreement with the nominal value of 40 N / m reported for the AFM probe used in these experiments. These results indicate the reliability of the model used here. The charge map of the sample calculated using our simple capacitive model is shown in Fig.  4(c) ; it reveals an excess of electrical charge in the regions where the EFM signal is larger. These results indicate that hydration produces agglomerates with low charge density (low amount of defects) and large round depressions with a larger charge density (large amount of defects). The origin of this charge difference, however, is not easily understood.
The surface charge associated to our EFM data is most likely provided by end-type defect states of the melanin stacks, assuming stacks as the structural mode. 5 The charge distribution suggested from our electrostatic model [ Fig.  4(c) ] reflects the relative differences in the end-chain distribution along the surface, particularly at regions where the hydration process of DMSO-melanin films transformed part of the terraces into agglomerates. This process could involve the formation of hydrogen bonds, 21 or a chemical reaction 22 of dissociated H 2 O molecules, both preferentially occurring at the end-type defect state. 4 The net charge could indeed be locally altered on the agglomerate on the latter case, thus providing an interpretation for our charge map [ Fig. 4(c) ]. However, an electrostatic interaction between H 2 Oand melanin such as a hydrogen bond would not affect the local charge. In that case, our model for the electrostatic interaction should be refined in order to include changes in the local dielectric properties of the film, in order to explain the electrostatic force observed in the FEM measurements. A qualitative analysis of our equations indicates that the changes in EFM data shown in Fig. 4(a) could be expected if the dielectric constant is larger within the clusters forming the agglomerates. This effect could be associated to the presence of undissociated H 2 O molecules in these regions. The different electrical properties suggested for the agglomerates from the EFM data are confirmed by C-AFM measurements. Figure 5 shows the C-AFM image of a region of the sample with agglomerates. Large dc bias values were applied ͑ϳ8 V͒ between tip and sample in order to provide currents of a few picoamperes (with tip grounded). A decrease of the current signal [ Fig. 5(b) ] can be observed in the regions of lower topography, indicating a local larger resistance. Those areas with higher electrical resistance (lower currents in [ Fig. 5(b) ] thus present larger carrier scattering rates associated to the presence of electronic defects generated by the exposed endtype defect state or to the larger local dielectric constant.
V. CONCLUSIONS
In conclusion, we have investigated the morphology and structural organization of synthetic hydrated melanin film samples synthesized with DMSO. Even though four basic kinds of morphologies were found on the samples, the AFM data suggests that most of the material in the film forms relatively large flat terraces and shows good adhesion to the Si substrate. Round depressions and agglomerates were observed only for the hydrated samples. The charge distribution on melanin thin films was measured and correlated with the local resistance of the sample. Using a simple parallel plate capacitor model for the electrostatic interaction between the sample and the FFM probe, a mean charge density of 3.1 ϫ 10 −4 e − /nm 2 was calculated on the sample. These experiments revealed that hydration produces a restructuring of the sample creating not only topographic variations, but also agglomerates with electrical properties different from the whole surface.
